The Florida manatee, Trichechus manatus latirostris, is a hindgut-fermenting herbivore. In winter, manatees migrate to warm water overwintering sites where they undergo dietary shifts and may suffer from cold-induced stress. Given these seasonally induced changes in diet, the present study aimed to examine variation in the hindgut bacterial communities of wild manatees overwintering at Crystal River, west Florida. Faeces were sampled from 36 manatees of known sex and body size in early winter when manatees were newly arrived and then in mid-winter and late winter when diet had probably changed and environmental stress may have increased. Concentrations of faecal cortisol metabolite, an indicator of a stress response, were measured by enzyme immunoassay. Using 454-pyrosequencing, 2027 bacterial operational taxonomic units were identified in manatee faeces following amplicon pyrosequencing of the 16S rRNA gene V3/V4 region. Classified sequences were assigned to eight previously described bacterial phyla; only 0.36% of sequences could not be classified to phylum level. Five core phyla were identified in all samples. The majority (96.8%) of sequences were classified as Firmicutes (77.3 AE 11.1% of total sequences) or Bacteroidetes (19.5 AE 10.6%). Alpha-diversity measures trended towards higher diversity of hindgut microbiota in manatees in midwinter compared to early and late winter. Beta-diversity measures, analysed through PERMANOVA, also indicated significant differences in bacterial communities based on the season.
Introduction
The Florida manatee (Trichechus manatus latirostrus), a subspecies of the West Indian manatee, is a generalist herbivore, consuming up to 60 species of freshwater plants and seagrasses (Campbell & Irvine, 1977; Best, 1981; Reep & Bonde, 2006; Alves-Stanley et al., 2010) . Diet composition appears to depend on forage availability (Campbell & Irvine, 1977) , and regional variation in quantity and quality of aquatic vegetation is thought to be one of the major factors determining intraseasonal manatee movement and foraging patterns (Deutsch et al., 2003) . During spring and summer months, manatees feed on a wide variety of high-nutrient plants. However, aquatic plants undergo seasonal fluctuations in standing crop, energy content, epiphyte load and proximate constituents (e.g. protein) (Deutsch et al., 2003) , so that in winter, less and poorer quality forage is available (Gilbert & Clark, 1981; Deutsch et al., 2003) .
In response to decreasing temperatures, Florida manatees undertake annual migrations to warm water sources (Langtimm et al., 1998; Deutsch et al., 2003 Deutsch et al., , 2006 Laist & Reynolds, 2005) . These seasonal migrations are usually accompanied by pronounced dietary shifts, including from marine to freshwater plants, which reflect availability of local forage along the migration path and within commuting distance of overwintering sites (Deutsch et al., 2003) . Manatees show strong annual site fidelity to winter refugia and then spend on average fifty percentage of their time at the site throughout the winter period (Deutsch et al., 2006) . However, due to lack of sufficient local vegetation at these refugia, manatees often commute to feeding grounds up to 5 km away (Deutsch et al., 1998) . If winter temperatures are particularly cold, duration and commuting distance of feeding forays may be shortened; prolonged cold periods have resulted in manatees fasting for periods of a week or more (Deutsch et al., 2006) , presumably suffering some degree of nutritional stress.
Crystal River (CR) on the central-west coast of Florida is a winter refuge, accessed via waterways from the Gulf of Mexico, with a series of warm (22°C) freshwater springs that support more than 600 manatees from November through February (Hartman, 1979; J. Kleen, USFWS, pers. commun.) . As the manatee population utilising the warm spring waters increases during winter, benthic plants are overgrazed locally so that manatees must move greater distances to forage, which may result in a shift of diet (J.P. Reid, USGS, unpublished data). The effects of such dietary shifts on the digestive and stress physiology of the manatee are unknown. Manatees have evolved effective digestive systems for extracting nutrients from plants that are typically high in fibre and low in protein and caloric value (Burn, 1986; Burn & Odell, 1987; Reep & Bonde, 2006) . Their well-developed molariform dentition aids in physical breakdown of fibrous and/or abrasive plants (Domning, 1983) with subsequent fermentation of plant fibre by symbiotic microbiota in the hindgut (Burn, 1986) . Fibre fermentation is a slow process but is optimised in the manatee by the capacious hindgut (20-30 m long) that weighs up to 70% of total gut mass (Reynolds, 1980; Reynolds & Rommel, 1996) with slow digesta passage rates of 4-10 days compared to 2 days in the horse (Lomolino & Ewel, 1984; Larkin et al., 2007) . Apparent digestibility of fibre is significantly higher than in most mammalian herbivores at 83-91% (Lomolino, 1977; Burn & Odell, 1987; Reynolds & Rommel, 1996) . The composition and function of microbial communities have not been well studied in the Florida manatee. It is likely that these gut microorganisms are important contributing factors in the manatee's ability to efficiently digest fibre and assimilate nutrients and in their capacity to consume a broad diet or undertake frequent dietary shifts without serious consequence. Gastrointestinal microbial communities in other herbivores are generally highly responsive to factors such as diet, age, health, geographic location, seasons and feeding regime (Yu & Forster, 2005) , so that we might expect to see microbial variation in response to dietary change in manatees. A study using denaturing gradient gel electrophoresis (DGGE) to examine the bacterial community of the related dugong, a more specialised grazer, suggests that its hindgut microbial community is responsive to shifts in diet, including those that occur during ontogenetic development (Eigeland et al., 2012) .
A preliminary study by Mao et al. (2011) investigated the microbial communities of the skin and hindgut of wild West Indian manatees (Trichechus manatus) from eastern Florida (Atlantic coast subpopulation) and Belize, using 454-amplicon pyrosequencing, DGGE and terminal restriction fragment length polymorphism (T-RFLP), and found Bacteroidetes and Firmicutes to be the dominant bacterial phyla. Using 454-pyrosequencing, this current study profiled the hindgut bacterial communities of live wild manatees from a different subpopulation overwintering in CR, central-west Florida, and investigated the relationships amongst the gut microbiota and each of ontogeny (size class), assumed dietary change (different winter periods) and chronic stress (including thermal and/or nutritional).
Materials and methods

Faecal sampling
Freshly voided faeces were collected from live free-ranging Florida manatees, Trichechus manatus latirostris, at Three Sisters Spring in CR, Citrus County, central-west Florida, USA, one of the most important winter refuge sites for this species (Nabor & Patton, 1989; Reep & Bonde, 2006) . Faecal samples were collected on three separate occasions during winter 2010: 'early winter' (Novembermid-December) when manatees had newly arrived from summer foraging grounds, 'mid-winter' (mid-DecemberJanuary) when manatees had become established within their refuge and 'late winter' (February-March) when the effects of any cold-related stress would presumably be most apparent. The objective was to collect faecal samples from at least three manatees of each sex and body size class (calves < 245 cm body length, subadults 246-265 cm, adults > 265 cm: Tripp et al., 2011) at each of the three times; however, the final sample size was dependent on which animals visited the spring on the sampling days. A total of 36 manatees were sampled including 14 manatees from early winter, 10 from mid-winter and 12 from late winter (Table 1) . Faeces were collected from each manatee by approaching quietly in water and duckdiving to remove, by hand, the faecal plug extruding from the anus. Samples were subsequently removed from the core of the faeces to avoid environmental contamination and frozen at À80°C until analysis. Manatees were sexed by examining the anal-genital region (Lanyon et al., 2009) . Body size class was estimated by experienced researchers, and on occasion, it was measured in water to ensure precision.
DNA extraction
Genomic DNA was extracted from 0.25 g of each faecal sample using the PowerSoil DNA kit (MO BIO Laboratories, Carlsbad, CA) following the manufacturer's instructions. The concentration of recovered genomic DNA was quantified using a Nanodrop 8000 Spectrophotometer (Thermo Scientific, Wilmington, DE). Samples were diluted to a final concentration of 10 ng lL À1 to ensure sample standardisation for subsequent PCR assays. A 4 lL aliquot of extracted DNA was mixed with 1 lL of 6X loading buffer (Fermentas, Hanover, MD) and loaded onto a 1% agarose gel in 1X TBE buffer containing the DNA stain GelRed (Jomar Biosciences, Kensington, SA, Australia). A 2 lL aliquot of size marker, 1 Kb DNA ladder (Fermentas), was loaded and gel electrophoresed at 120 V for 35 min. The DNA was visualised under UV light, and an image obtained using the Bio-Rad GelDoc system (Bio-Rad Laboratories, Hercules, CA). 
454-amplicon pyrosequencing barcoded PCR
Extracted gDNA from each of the manatee faecal samples was used as a template to prepare samples for pyrosequencing as described below. The V3/V4 region of the 16S rRNA gene from each sample was PCR amplified using the primers, 341F (5′CCATCTCATCCCTGCGTGT CTCCGAC -3′) and 787R (5′-CCTATCCCCTGTGTGCTT GGCAGTC-3′) (Lane et al., 1985) modified to incorporate a 10 bp error-correcting DNA barcode . PCRs were prepared to a final volume of 50 lL with the following reagents and final concentrations: 1 Unit of Phusion polymerase (Finnzymes Oy, Espoo, Finland); 250 mM of (each) forward and reverse primers; 200 nM dNTP mix (Roche Diagnostics, Castle Hill, NSW, Australia); HF Phusion Buffer and 20 ng of template DNA. Thermocycling was performed in a Bio-Rad C100 (Bio-Rad Laboratories, Richmond, CA) using the following conditions: lid preheated to 101°C; initial denaturation at 98°C for 30 s; followed by 30 cycles of: 98°C, 10 s; 65°C, 20 s; 72°C, 15 s; followed by a final extension step at 72°C, 10 min and a 'cooling' step at 12°C, 5 min. The PCR product (50 lL) was mixed with 10 lL of loading buffer (Fermentas) and split between two wells of a 2% agarose gel. A 5 lL aliquot of 100 bp DNA marker (Fermentas) was loaded into wells 1 and 10, and the gel electrophoresed (100 V, 30 min) followed by poststaining with 3X GelRed. PCR amplicons of the correct size were excised in a dark room under UV light using GelX 6.5 gel excision tips (Cleaver Scientific, Rugby, UK). The excised bands were purified using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) and quantified using the Qubit fluorometer (Invitrogen, Carlsbad, CA) as per manufacturer's instructions. C. 300 ng of each purified PCR amplicon was sent to the Australian Genome Research Facility (AGRF, Brisbane, Australia) for pyrosequencing on a 454 Genomic Sequencer (Roche Diagnostics, Indianapolis, IN).
454-amplicon pyrosequencing data analysis
Data were returned as unaltered standard flowgram files (sample.sff). Mothur version 1.1.8.0 (Schloss et al., 2009) was used to convert .sff files into .sff.txt; .fasta and .qual files. Data were denoised using ACACIA (Bragg et al., 2012) , and the denoised data processed using the Quantitative Insights Into Microbial Ecology (QIIME version 1.5.0) software pipeline (Caporaso et al., 2010a) . Specifically, sequences were deconvoluted into individual samples based on their barcodes and simultaneously filtered to remove poor/low-quality sequences. Sequences with an average quality value of < 25 were discarded, across a sliding window of 50 bp, and sequences between 430 and 470 bp in length were retained. Operational taxonomic units (OTUs) were defined at the 97% sequence similarity level using Uclust, and a sequence representative of the OTU was selected based on the most abundant sequence found in each OTU. Representative OTUs were classified using the Ribosomal Database Project (RDP) classifier (Cole et al., 2009 ) and the 2011 Greengenes 16S rRNA gene database (http://www. secondgenome.com/go/2011-greengenes-taxonomy/). The sequences were aligned using the python nearest alignment space termination (PYNAST) tool (Caporaso et al., 2010b) against the 16S rRNA Greengenes core set (De Santis et al., 2006) . The relative abundance of sequences at the phylum level was calculated from the total number of classified sequences for each sample. A phylogenetic tree of the representative OTUs was constructed using the tree-building program FASTTREE and used for downstream processing (e.g. calculating beta-diversity - Price et al., 2010) . A readable matrix of OTU by sample was created, and all OTUs and core OTUs (i.e. OTUs that occur in all samples) were visualised as a heatmap generated in RStudio: integrated development environment for R version 0.96.122 (R Development Core Team, 2008) (http://www.rstudio.org), using the gplots and heatmap2 functions. Rarefaction plots were created for individual samples to assess sampling coverage and levels of diversity. Boxplots were generated for the top five most abundant groups at the class and genus level, using R version 0.96.122 (R Development Core Team, 2008) (http://www.rstudio.org). The microbial diversity (alphadiversity) within a sample was determined by calculating: Chao1, phylogenetic distance, observed species (no. of OTUs), Shannon-Wiener index, Simpson index and the number of singletons; at a depth of 3300 sequences (i.e. minimum rounded number of sequences in a sample). The computation of diversity between samples (betadiversity) was then compared through the generation of 2D principal coordinates analysis (PCoA) plots using QIIME. PERMANOVA was conducted in QIIME, using 9999 permutations and the categorical variables of season and age class. Denoised sequences and metadata were submitted to MG-RAST (http:/metagenomics.anl.gov) and are stored under the project name 'Manatee gut microbiology' -record numbers for each amplicon library are as follows: 4521911.3, 4521901.3, 4521912.3, 4521902.3, 4521903.3, 4521904.3, 4521919.3, 4521920.3, 4521927.3, 4521931.3, 4521926.3, 4521936.3, 4521908.3, 4521916.3, 4521909.3, 4521917.3, 4521918.3, 4521910.3, 4521924.3, 4521925.3, 4521930.3, 4521935.3, 4521913.3, 4521914.3, 4521905.3, 4521906.3, 4521915.3, 4521907.3, 4521921.3, 4521922.3, 4521923.3, 4521928.3, 4521932.3, 4521933.3, 4521934.3, 4521929. 3.
Hormone extraction and cortisol analysis
Manatee faecal samples were freeze-dried in a lyophiliser and pulverised until homogeneous. Faecal steroid hormones were extracted by adding 4 mL of 80% methanol to 0.2 AE 0.01 g aliquot of dried faecal sample in a glass scintillation vial (Wasser et al., 1994) . Samples were sealed, vortexed (30 s) until homogenised and then put on a rotating mixer overnight (minimum of 12 h) to solubilise the steroid hormones from the faecal mass. Samples were centrifuged for 15 min at 1790 g and the methanol supernatant was decanted for storage at À20°C.
Concentrations of cortisol metabolites in faecal extracts were measured using enzyme immunoassay following Burgess et al. (2013) . Microtitre plates were coated with 50 lL of antibody (1 : 8500 R4866; C. Munro, University of California, Davis, CA) per well. Plates were sealed with an acetate sealer, incubated overnight at 4°C, then washed five times with 250 lL of wash solution and drained to remove unbound antiserum. Manatee samples (diluted 1 : 2 faecal extract), standards (3.9-1000 pg/ 50 lL) and controls, made up in standard assay buffer, were loaded in 50 lL volumes to wells and then 50 lL of antigen conjugated to horseradish peroxidase (1 : 15,000; C. Munro, University of California) was added to each well. Following 1 h incubation at room temperature, the plates were washed and 100 lL of the colour substrate solution was added to each well. Plates were sealed, shaken for 5 min and left at room temperature until colour developed and the optical density of the zero wells (assay buffer only) reached 1.0. Plates were read using a microplate reader (absorbance wavelength of 405 nm) with Revelation â software (Dynex MRX II, Q-Lab, Chantilly, VA). All samples, controls and standards were assayed in duplicate, with the resulting coefficient of variation between all duplicates required to be < 10% for acceptance. Variation in faecal cortisol levels was examined against winter period (early, mid, late), and size class of manatee (subadult, adult) using 2-way ANOVA on log 10 -transformed data to meet assumptions of normality and equal variance.
Results
Bacterial diversity in wild manatee faeces
The total number of bacterial DNA sequences obtained (postdenoising and filtering) from manatee faecal samples was 243 933, with a mean length of 425 bp. Overall, a total of 2027 bacterial OTUs was identified (at 97% sequence similarity, postdenoising, filtering and chimera removal), indicating a diverse microbiome present in the hindgut of the 36 wild manatees sampled from CR. The number of sequences ranged from 3292 to 11804, and the number of OTUs from 155 to 638 for individual manatees (Table 1 ). Rarefaction analysis suggested that pyrosequencing depth was insufficient to adequately uncover the full diversity within the samples (Fig. 1 varied considerably between samples ( Table 2 ). The highest bacterial diversity was detected in manatees sampled in mid-winter according to each of the diversity indices (i.e. Chao1, Phylogenetic Diversity, Number of OTUs, Shannon-Wiener, Singletons) with the exception of the Simpson index (Table 2) . The number and diversity of bacteria varied amongst individual manatees at each level, and this is displayed for the level of phylum (Table 2 ) and the top five most abundant groups at the order level (Fig. 2a) and genus level (Fig. 2b) . Eight bacterial phyla were identified in manatee faecal samples with the two dominant phyla being Firmicutes and Bacteroidetes. There was a small number of sequences (0.36%) that could not be classified to the phylum level, and these were assigned to the group Unclassified Bacteria (Tables 3 and 4) . At deeper Chao1, Phylogenetic diversity, the number of OTUs, Shannon-Wiener index, Simpson index and the number of singletons are presented. In general, the higher the value, the greater was the diversity. Means with the same superscripts in a column are not significantly different at the P < 0.01 level. taxonomic levels, 18 classes, 26 orders, 47 families, 91 genera and 2022 OTUs were identified. Bacteroidales and Clostridiales were the predominant orders (Fig. 2a) in all manatees except one adult male sampled in early winter (AMEW1), with Clostridiales and Coriobacteriales as dominant. Clostridium was the predominant classifiable genus throughout all sampled manatees (Fig. 2b) .
Twenty-three core OTUs, that is OTUs present in ≥ 95% of sampled manatees, were identified, and a heatmap displaying their abundance is shown in Fig. 3 . The closest sequence similarity matches using the BLAST algorithm against the NCBI GenBank and Greengene databases and wild dugong amplicon sequence data set (Eigeland et al., 2012) are contained in the Supporting Information, Table S1 . Core OTUs that could be classified to the level of genus included Adlercreutzia, Bacteriodes, Butyrivibrio, Caloramator, Cellulosilyticum, Clostridium, Eubacterium, Ruminococcus and Sedimentibacter. Of these core OTUs, 10 OTUs also represented the most abundant OTUs present in the manatee hindgut, according to average abundance (Table 5) . Six of the 10 most abundant OTUs had 99% sequence identity to OTUs present in a barcoded amplicon library data set obtained from wild dugong faecal samples (Eigeland et al., 2012) .
Variation in microbial diversity of wild manatees
PCoA was performed to determine whether the variables of body size/age, cortisol levels, sex and/or winter sampling period could account for the variation displayed within the microbial community. No clustering was evident in the PCoA plots (Fig. 4) , with the variance explained by PC1 and PC2 being 37.77% and 16.65%, respectively, with no single variable accounting for the differences in microbial diversity, and PERMANOVA supports this for the category age class (F = 0.927, P = 0.49), but demonstrates that there are significant differences between seasons (F = 4.08, P = 0.0003).
Faecal cortisol levels in wild overwintering manatees
There were significant differences in faecal cortisol metabolite (ng g À1 ) levels between manatees sampled at different winter periods. Manatees sampled in early winter had significantly lower mean cortisol levels (mean AE SD: 15.5 AE 7.1 ng g À1 ) than those sampled during mid-winter (mean AE SD: 31.1 AE 16.7 ng g À1 ) and late winter periods (24.2 AE 14.7 ng g À1 ): 2-way ANOVA: winter period x size class interaction F 4,27 = 1.24, P = 0.32; winter period F 2,27 = 4.08, P = 0.03; size class F 2,27 = 0.28, P = 0.76, but there were no differences between mid-winter and late winter levels (Fig. 5 ).
There were no differences in mean cortisol levels of subadults and adults. Bacterial phyla are listed in order of descending abundance. *The percentage of total sequences was calculated on the mean total number of sequences from the partial 16S rRNA gene amplicon libraries constructed from faeces samples obtained from 36 wild manatees, taxonomically classified using the RDP classifier tool.
Discussion
The hindgut microbiota was diverse in overwintering Florida manatees in CR, central-west Florida, and included representatives of several bacterial phyla. Firmicutes were by far the most dominant of the hindgut bacteria (77.3%), with Bacteroidetes (19.5%), and Actinobacteria (2%) the next most abundant phyla. Members of Proteobacteria, Fibrobacteria, Tenericutes, Spirochaetes and
Fusobacteria were also present but at lower abundance. OTU sequences that could not be classified to any known phyla comprised 0.36% of the total. These findings contrast with those of Mao et al. (2011) who found that Bacteroidetes comprised a significantly larger proportion of the bacterial community (63.5%) than Firmicutes (32.3%) in the hindgut of manatees from the Blue Springs, located c. 160 km due east of CR within the range of the Atlantic subpopulation. It is possible that these phylogenetic SAFLW32  AMLW27  AFLW28  CMLW29  SAMLW35  CMLW30  CFEW7  AMEW1  AFMW15  AFMW13  SAMMW22  CMMW19  SAFMW21  AFMW18  AMEW3  AFEW4  SAMEW10  AMLW24  AFLW26  SAMLW34  AMLW23  AFLW25  SAFLW36  SAFEW9  SAFEW11  SAUknEW12  AFEW6  CMMW20  AMMW14  SAMLW33  AMMW16  AMMW17  CMLW31  AFEW2  AFEW5  CFEW8 Caloramotor sp. (32) Bacteroides sp. (4005) Eubacterium sp. (6540) Unclassified Clostridiales (5299) Clostridium sp. (4540) Unclassified Sphingobacteriales (5507) Unclassified Ruminococcaceae (4377) Unclassified Flavobacteriales (3288)
Aldecreutzia sp. (91) Bacteroides sp. (2043) Unclassified Bacteroidales ( Tarlera et al. (1997) The BLAST algorithm was used to compare the 10 OTUs to 16S rRNA gene sequences within a data set obtained from faeces of wild dugongs, the NCBI GenBank and Greengene databases. The best match for each OTU (Highest% sequence similarity) is listed for each search, along with the source of the sample (host). differences in bacterial composition reflect geographic and/or dietary differences between these west and east coast subpopulations. Bacterial phyla found in the manatees of this study were similar to those that dominate the hindgut flora of the related wild dugong in eastern Australia (Eigeland et al., 2012) with Firmicutes (76% of flora) and Bacteroidetes (20%) being dominant, and Actinobacteria and Proteobacteria being the next most prevalent phyla. Further, from six bacterial phyla identified in a single captive dugong held in Japan (Tsukinowa et al., 2008) 15%, with the remaining phyla (Verrucomicrobia, Actinobacteria, Lentisphaerae and Proteobacteria) at < 1%. Although there has been considerable taxonomic diversity in microorganisms at the phylum level in all of the sirenians surveyed to date, variation across the order appears to be conservative. Contributing factors to similarities presumably relate to phylogenetic, geographic and/or dietary factors (after Velez-Juarbe et al., 2012), but these have not been distinguished. Furthermore, many of the bacterial OTUs that have been identified in both manatees and dugongs appear to represent novel and/or previously unidentified bacteria and appear to constitute a unique microbial assemblage within this group of herbivorous mammals.
Ten of the 23 core bacterial OTUs from the hindgut of wild CR manatees were from the order Clostridiales, and five of these were amongst the ten dominant OTUs. OTU 29 represented 14 AE 5.7% of the total sequences obtained. Interestingly, its closest match using BLAST against the Greengenes database was to the bacterium Clostridium glycolicum, a known reductive acetogen in eastern grey and red kangaroos (Ouwerkerk et al., 2009) . Reductive acetogenesis combines hydrogen and carbon, forming acetate as a byproduct, which is utilised by the host animal as a form of energy (Ouwerkerk et al., 2009) . As this species is known to be a facultative reductive acetogen, it is possible that as a dominant species in the Florida manatee, it may reduce emissions of methane from hindgut fermentation. The next most abundant OTU 3961, an unclassified Clostridiaceae, represented 7 AE 4.4% of the total sequences obtained and had 100% identity to Clostridium butyricum, previously isolated from human and cattle faeces. Four of the next dominant OTUs, that is two unclassified Bacteroidales (OTU 5507, 1747), Ruminococcaceae (OTU 3739) and an unclassified Clostridiales (OTU 4153), were most similar to each of four bacteria found within gut contents of the foregutfermenting red kangaroo (Macropus rufus), and the hindgut-fermenting African elephant (Loxodonta africana), domestic horse (Equus ferus caballus) and Somali wild ass (Equus africanus somalicus), respectively (Ley et al., 2008) . Interestingly, Ley et al. (2008) found distinct microbial clustering between foregut-and hindgut-fermenting herbivores. This corresponds with six of the manatees' dominant OTUs being most closely related to those in other hindgut-fermenting herbivores. Two OTUs (OTU 5326, 2156) were congruous with uncultured Clostridium species clones found within the faecal microbiota of a captive dugong (Tsukinowa et al., 2008) . Furthermore, comparison of the manatee's 23 core OTUs with a barcoded 16S rRNA gene amplicon database from wild dugong faecal samples (Eigeland et al., 2012) identified 11 OTUs, including six of the dominant OTUs, with high sequence homology to dugong OTUs (using the BLAST algorithm). Given the sympatric evolution of sea cow communities (Velez-Juarbe et al., 2012) , this similarity in hindgut bacterial flora might be expected.
The hindgut bacterial communities of wild manatees sampled in CR were similar across all age/size classes, despite assumed dietary differences between immature and mature animals. Manatee calves remain dependent on their mothers' milk for 1-2 years (Reid et al., 1995) and then wean slowly over a 1-to 2-year period (Koelsch, 2001) , and all calves sampled here were still nursing or at least supplementing their plant diet with milk. It is possible that calves and adult Florida manatees eat similar plant forage, as has been found with Antillean manatees in Puerto Rico and Mexico (Mignucci-Giannoni & Beck, 1998; Castelblanco-Martinez et al., 2009) and that plant dietary composition is informative of microbial composition. In contrast, distinct bacterial communities have been found between size classes of wild dugongs within a single population, and these differences have been interpreted as responses to ontogenetic dietary shifts from milk (calves), to milk and seagrass (weaning juveniles) and then to seagrass alone (subadults, adults) (Eigeland et al., 2012) . Ontogenetic dietary shifts have also been implicated as determining factors for variation in gastrointestinal microbial community structure in herbivorous marine fishes (Rimmer, 1986; Clements & Choat, 1993; Moran et al., 2005) . The ontogenetic stability in hindgut microbial communities in CR manatees may be anomalous compared to some other herbivorous vertebrates (e.g. dugongs), but may reflect maintenance of a diverse and generalist microbial biota capable of digesting a broad diet, throughout all life stages.
Interestingly, and perhaps contrary to expectations, hindgut microbial diversity in Florida manatees remained high throughout the winter period even as dietary shifts were likely to be occurring. When manatees migrate to warm water sources, including CR, dietary changes are usual, as available forage alters spatially and nutritionally (Gilbert & Clark, 1981; Deutsch et al., 2003) . For some manatees, these dietary shifts may be profound, for example, from marine to freshwater vegetation (Etheridge et al., 1985) . Changes in forage availability continue to occur as winter progresses, as vegetation becomes overgrazed and/or seasonally deficient (R.K. Bonde, USGS, unpublished data). It was therefore expected that individuals sampled during early winter might display a more diverse or at least different bacterial community, concomitant with higher prewinter forage availability (Etheridge et al., 1985) , compared to those sampled later in winter when forage deficiencies were more likely to result in a lower nutrient plane or fasting (Deutsch et al., 2006) . However, according to the alpha-diversity index, manatees sampled in mid-winter exhibited higher microbial diversity than early and late winter manatees. Beta-diversity measures, analysed through PERMANOVA, indicated significant differences in bacterial communities based on the season in which the samples were taken; however, this was not reflected in the PCoA plots. Interpreting these two measures simultaneously suggests that whilst manatees during mid-winter exhibited a bacterial community of higher diversity, these bacteria were not sufficiently distinct based upon the entire community.
Temporal variation in microbial biota, directly related to available forage and forage quality, has been recorded in other mammalian herbivores including red deer, cattle and horses (Hobson et al., 1975; Dierenfeld, 1997; Kocherginskaya et al., 2001; Kobayashi et al., 2006) . The maintenance of a highly diverse microbial biota in Florida manatees throughout a period of potential nutritional and thermal stress was surprising. It is likely that environmental factors including changed food availability and/or temperature may have caused the cortisol stress response detected in manatees as winter progressed. Although normal faecal cortisol metabolite levels have not been established for Florida manatees, circulating cortisol has been shown to be the predominant glucocorticoid and diagnostic of stress in this species (Tripp et al., 2011) and in the related dugong (Burgess et al., 2013) . Such short-term glucocorticoid release is considered beneficial in helping mammals survive stressful conditions, whilst prolonged stress, reflected in chronically elevated glucocorticoid concentrations, can inhibit immune and inflammatory processes (Sapolsky et al., 2000) .
The winter of 2010 was one of the coldest on record in Florida with a record 282 manatee mortalities directly attributable to cold stress syndrome (CSS) (FWC, 2012; Stith et al., 2012) . However, only two manatee mortalities could be attributable to CSS in Citrus County, which includes CR (FWC, 2012) . Manatee survival in the face of surrounding freezing temperatures and presumed forage shortage might suggest the high quality of the CR overwintering habitat and/or the physiological resilience (including digestive health) of this species to harsh conditions. In summary, the high diversity and stability of the hindgut microbial system of the Florida manatee probably reflect its generalist herbivore strategy. Furthermore, the apparent resilience of the diversity of this microbial community in the face of seasonal dietary change and underlying physiological stress is probably an effective adaptation for a migratory species. It is also possible that CR is a particularly good overwintering site (i.e. reliable warm waters, adjacent foraging grounds) and that its peculiar traits may have resulted in the relative stability of microbial communities in its residents compared to manatees at overwintering sites where more pronounced nutritional and/or thermal stress may be experienced. This possibility cannot be discounted without comparative studies amongst and within the four subpopulations of this species.
Florida manatees are of considerable evolutionary significance because sirenians are the only herbivorous marine mammals. Our findings suggest that Florida manatees, similar to dugongs, have a novel microbial community in the hindgut. It is also interesting to consider the evolution of the sirenians with respect to their gut microbiota. Of 23 core OTUs identified across all 36 manatees, 44% were also common to wild dugongs (Eigeland et al., 2012) . This suggests that a considerable proportion of the core bacterial community in sirenians predates the evolutionary divergence of manatees and dugongs. As far as we are aware, no research currently exists on the microbial communities of the manatees' extant relatives, the other species of manatees, nor to the more distantly related extant terrestrial mammals, the elephant and rock hyrax. Future research into the microbial communities of related animals would provide information about their evolution and insight into the transition from terrestrial to marine herbivory. funded by the Winifred Violet Scott Foundation and Sea World Australia. A Queensland-Smithsonian fellowship awarded to EAB funded the faecal cortisol assays. Any use of trade, product or firm names is for descriptive purposes only and does not imply endorsement by the U.S. Government. Order of authorship follows the 'first-lastthen others-author-emphasis' approach.
